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HIGH CITRATE DIALYSATE AND USES THEREOF 

TECHNICAL FIELD 

The present invention relates generally to dialysis, and more specifically 
to citrate-containing dialysate and uses thereof in dialysis. 

5 BACKGROUND OF THE INVENTION 

Kidneys are essentially blood cleansing organs. A person's kidneys 
serve several vital functions, including the removal of waste from the body in the form 
of urine; filtration of toxins from the blood; and providing an appropriate concentration 
of some important nutrients, including potassium and calcium, in the blood. To achieve 

10 these functions, an artery from the heart brings blood into the kidneys, where the blood 
is passed through, and is cleaned by, a network of millions of tiny units called nephrons. 
The nephrons filter out toxins, excess nutrients and body fluid and excrete them in the 
form of urine into the bladder. After being cleaned and filtered, the blood passes from 
the kidneys, through veins, and back into circulation. 

15 For those instances when a person's kidneys don't function properly, a 

process called dialysis has been developed and is in widespread use. Essentially, 
dialysis artificially replaces the functions of the kidney. There are two distinct types of 
dialysis: hemodialysis and peritoneal dialysis. Hemodialysis involves removing blood 
from the body and filtering it in a machine. The patient is connected by a tube to the 

20 dialysis machine, which continuously draws blood out of the patient, and then contacts 
that blood with a membrane in a dialyzer. The other side of the membrane contains a 
continuously circulating aqueous solution called dialysate. Excess fluid and toxins flow 
from the blood, through the membrane, and into the dialysate, thereby cleansing the 
blood. Salts and other nutrients may pass from the dialysate, through the membrane 

25 and into the blood. After passing through the dialyzer, the cleansed blood is returned to 
the patient. For many patients, hemodialysis is performed for 3 to 4 hours at least three 
times a week. It is usually performed at a dialysis center, although home dialysis is also 
possible. 
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Peritoneal dialysis is also known as internal or in-body dialysis. Like 
hemodialysis, peritoneal dialysis entails the use of a blood-cleansing solution called 
dialysate; the composition of a dialysate for peritoneal dialysis is typically different 
from the composition of dialysate for hemodialysis. In peritoneal dialysis, dialysate is 
5 infused into the peritoneal cavity (the region of the abdomen that is lined by the 
peritoneum). While in the peritoneal cavity, the dialysate functions to extract toxins 
and excess fluid from the blood. After a period of time, the solution is drained from the 
body cavity, taking with it the undesired toxins and excess fluid. 

Further information regarding dialysis and kidney function may be 
10 obtained through, for example, the American Society of Nephrology (www.asn- 
online.com, Washington, D.C.). 

The present invention identifies and solves problems with existing 
dialysis, identifies new opportunities for dialysis, and provides further related 
advantages as disclosed more fully herein. 

15 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a plot of time of dialysis (hours) vs. the serum concentration 
of citrate and ionized calcium during and one hour post-dialysis using citrate and acetic 
acid dialysate in 7 patients. (Two patients had shorter dialysis time than other five.) 

Figure 2 is a bar chart of pre- and post-dialysis blood urea nitrogen 
20 concentrations for the first and the last dialysis of the Exclusive Use study described 
herein, for 19 patients using citrate dialysate. Calculated urea reduction ratios are also 
shown for these dialyses. (In three patients the type of dialyzer was changed during the 
study. Data from these three were not included.) 

Figure 3 is a bar chart of delivered Kt/V calculated by Daugirdas 
25 formula for the first and last dialysis of the Exclusive Use study in 19 patients using 
citrate dialysate. 
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DETAILED DESCRIPTION OF THE INVENTION 

In one aspect, the present invention provides dialysate compositions 
having high concentrations of citrate. In another aspect, the present invention provides 
methods of performing dialysis with such dialysate compositions, in order to provide 
5 unexpected benefits. Thus, the present invention provides for increasing the amount of 
citrate in dialysate to increase and create treatment benefits associated with its use. 

All current dialysate formulations include an acid to achieve a proper 
pH, where that pH is typically a physiological pH of about 7.4. The present invention 
recognizes that there is a significant benefit to the use of citrate in dialysate, above and 

10 beyond the benefit provided by using citric acid as a pH-adjusting component of 
dialysate. Indeed, the present invention recognizes that dialysate may be used to 
provide benefits above and beyond the function of providing a normalizing of certain of 
the patient's blood constituent concentrations. 

As described in more detail herein, a citrate concentration of 2.4 mEq/L 

1 5 in dialysate was studied for its effect on the dialysis process, relative to the use of acetic 
acid. This concentration was selected because increasing the citrate level above 2.4 
mEq/L has traditionally led to clinically unacceptable decreases in ionized calcium 
within the patient's blood. The present invention recognizes that citrate levels of 
greater than 2.4 mEq/L may be successfully employed in dialysate, when compensatory 

20 action is taken, and that such a high citrate dialysate may provide unexpected and 
desirable advantages in dialysis treatment. 

For example, although a dialysate citrate concentration of 2.4 mEq/L is 
well below the level needed to achieve systemic anti-coagulation, this and higher 
concentrations has been surprisingly found to provide an anti-coagulation effect at the 

25 point of blood/dialysate interaction, i.e„ the pore openings of the dialyzer. This 
surprising effect is associated with surprising benefits, which include increasing the 
treated patient's 'Dose of Dialysis;' and increasing the ability to reuse dialyzers. 

Furthermore, the high citrate dialysate of the present invention provides 
additional surprising and advantageous effects, which are particularly pertinent to 

30 certain patients undergoing dialysis. Thus, in one aspect of the present invention, the 
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high citrate dialysate is particularly beneficial in treating patients with chronic acidosis, 
in order to reduce the acidity of their blood. In another aspect, the high citrate dialysate 
is particularly useful in instances where patients should be heparin-free during dialysis. 
For example, post-operative patients may undergo acute kidney failure due to the 
5 kidney's response to the anesthesia, and thereafter need dialysis treatment until kidney 
recovery occurs. Heparin or other anti-coagulant should not be delivered systemically 
to these patients because retaining the patient's ability to clot blood is an important part 
of the healing process. With traditional dialysate, undesirable blood clotting will occur 
within the dialyzer, unless the patient receives some anti-coagulant. However, with the 

10 high citrate dialysate of the present invention, a patient with acute kidney failure can 
undergo successful dialysis without systemic administration of anti-coagulant. A 
patient with acute kidney failure may also experience more rapid recovery of kidney 
function upon exposure to the high citrate dialysate of the present invention, in 
comparison to conventional dialysate, because the high citrate dialysate has less 

15 tendency to activate complement formation, where complement formation tends to slow 
down kidney recovery. 

In one aspect, the present invention provides dialysate compositions 
having citrate at concentrations greater than or equal to 2.4 mEq/L, and possibly as high 
as 20 mEq/L. Preferably, the citrate concentration in the dialysate will be in the range 

20 of about 2.4 to 15 mEq/L, and more preferably within the range of 3 to 10 mEq/L. 
When dialysate having such high citrate concentration is used in dialysis, the impact on 
the patient's calcium levels should be addressed, and methods to address this issue are 
presented herein. 

In one embodiment, the increased citrate that would enter the patient's 
25 blood as a consequence of using the high citrate dialysate is offset by including 
additional ionized calcium and magnesium in the dialysate, and optionally reducing the 
levels of sodium chloride and sodium bicarbonate in the dialysate. Thus, both the 
calcium and magnesium concentrations in the high citrate dialysate may be higher than 
the concentrations found in standard dialysate. The calcium ion concentration in a high 
30 citrate dialysate of the present invention may be as high as about 5 mEq/L, while the 
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magnesium ion concentration in a high citrate dialysate of the present invention may be 
as high as about 2 mEq/L. 

In an alternative embodiment, the dialysate entering the dialyzer, and 
contacting the patient's blood, contains a high level of citrate, but not a high level of 
5 either calcium or magnesium. When the calcium and/or magnesium ion concentration 
in dialysate is not increased to compensate for the calcium and magnesium binding 
action of citrate, then the calcium ion concentration in the citrate may be as low as 
about 2.5 mEq/L, while the magnesium ion concentration may be as low as about 1.0 
mEq/L. 

10 If the high citrate dialysate does not contain compensatory levels 

calcium and/or magnesium ions, then the blood leaving the dialyzer will have a high 
concentration of citrate, and in fact may have a higher concentration of citrate than is 
clinically desirable, due to the tendency of the citrate to bind calcium within the patient. 
To address this consequence, in one method of the invention, calcium may be added 

15 directly to the blood, at a point after the blood leaves the dialyzer but before the blood 
re-enters the patient. In this way, the desirable effects of high citrate levels within the 
dialyzer are obtained, while obviating the undesirable effects of having high citrate 
levels within the blood that is, in turn, within the patient. 

The calcium may be added to the patient's blood in the form of an 

20 aqueous solution of calcium chloride, to thereby effectively neutralize the calcium 
binding effect of the citrate. Using this approach, a patient that is prone to undesirable 
clotting may receive dialysis without the need to receive an injection or other direct 
administration of an anti-coagulant. In a preferred method, the patient undergoing the 
dialysis does not have a high level of heparin within the patient's blood during the time 

25 of dialysis. However, the patient may receive heparin, and then undergo dialysis with a 
high citrate dialysate, without adverse effects. 

The incorporation of a high amount of citrate in a dialysate potentially 
causes another problem. Within the body, citrate decomposes to bicarbonate. Dialysate 
often contains bicarbonate, and accordingly a high citrate dialysate according to the 

30 present invention preferably contains a reduced amount of bicarbonate. Thus, the high 
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citrate dialysate of the present invention may contain less sodium bicarbonate than 
traditional dialysate, and may contain at little as 25 mEq/L, or as much as about 40 
mEq/L of sodium bicarbonate. The sodium chloride concentration in the high citrate 
dialysate may also be reduced to as little as about 110 mEq/L, or may be equal to about 
5 140 mEq/L of sodium chloride. 

The citrate in the present dialysis compositions may come from citric 
acid, as well as other sources of citrate, including a buffer such as trisodium citrate, as 
well as additives such as calcium and magnesium citrate. Thus, the concentration of 
citrate in a dialysate of the invention is not constrained by, or directed solely to, 

10 providing a proper pH for a dialysate, but instead is selected to provide additional 
benefits to the patient receiving the dialysate. Because incorporation of too much citric 
acid into the dialysate will cause a very low pH, it is preferred to use at least some 
citrate salt, e.g., trisodium citrate, as the source of citrate, in the dialysate compositions 
of the present invention. 

15 As used herein, "citrate" refers to a citrate anion, in any form, including 

citric acid (citrate anion complexed with three protons), salts containing citrate anion, 
and partial esters of citrate anion. Citrate anion is an organic, tricarboxylate with the 
following chemical formula: 

CHz— COO" 
HO— C— COO" 
CH2— COO" 

20 Citric acid, which has been assigned Registry No. 77-92-2 by the American Chemical 
Society, has the molecular formula HOC(C02H)(CH 2 C0 2 H)2 and a formula weight of 
192.12 g/mol. A citrate salt (i.e., a salt containing citrate anion) is composed of one or 
more citrate anions in association with one or more physiologically acceptable cations. 
Exemplary physiologically acceptable cations include, but are not limited to, protons, 

25 ammonium cations and metal cations. Suitable metal cations include, but are not 
limited to, sodium, potassium, calcium, and magnesium, where sodium and potassium 
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are preferred, and sodium is more preferred. A composition containing citrate anion 
may contain a mixture of physiologically acceptable cations. 

A partial ester of a citrate anion will have one or two, but not all three, of 
the carboxylate O'.e., -COO ) groups of citrate anion in an ester form (i.e., -COO-R, 
5 where R is an organic group). In addition to one or two R groups, the partial ester of a 
citrate anion will include one or two physiologically acceptable cations (so that the total 
of the R group(s) and cation(s) equals three). The R group is an organic group, 
preferably a lower alkyl. 

The citrate is preferably in association with protons and/or metal cations. 
10 Exemplary of such citrate compounds are, without limitation, citric acid, sodium 
dihydrogen citrate, disodium hydrogen citrate, trisodium citrate, trisodium citrate 
dihydrate, potassium dihydrogen citrate, dipotassium hydrogen citrate, calcium citrate, 
and magnesium citrate. In one embodiment, the citrate is present in the dialysate 
precursor composition in the form of one or more of citric acid, sodium dihydrogen 
15 citrate, disodium hydrogen citrate, potassium dihydrogen citrate, or dipotassium 
hydrogen citrate. 

In a preferred embodiment, citric acid provides the source for the citrate 
anions. In this embodiment, the citric acid functions as the main acidifying agent of the 
precursor composition. Citric acid is a relatively inexpensive physiological acid that, 

20 under ambient conditions, is in the form of a dry chemical powder, crystal, pellet or 
tablet. Any physiologically tolerable form of citric acid may be used to introduce 
citrate anions to the composition. For instance, the citric acid may be in the form of a 
hydrate, including a monohydrate. 

In the event that the pH of a high citrate dialysate begins to increase (i.e., 

25 the dialysate becomes more basic) during the course of a dialysis treatment, a buffering 
anion, present in an effective amount, may be used to prevent the pH of the dialysate 
composition from rising beyond a physiologically acceptable range. For compositions 
having the citrate concentrations described above, and to provide the desired buffering 
effect, the dialysate composition may contain from about 0.001 to about 4 mEq/L of 

30 acetate and/or lactate. In a preferred embodiment, the dialysate may contain from about 
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0.01 to about 2.5 mEq/L of acetate and/or lactate. In one embodiment, the buffering 
anion is a mixture of acetate and lactate. In another embodiment, the buffering anion is 
acetate, and lactate is not present in the composition. In another embodiment, the 
buffering anion is lactate, and acetate is not present in the composition. 
5 With peritoneal dialysate, to facilitate the diffusion between blood and 

dialysate, it is desirable to maintain an osmotic gradient between the fluids by adding an 
osmotic agent to the dialysate. The presence of an osmotic agent in the peritoneal 
dialysate will encourage excess fluid and metabolic waste byproducts to flow from the 
blood and into the dialysate. A suitable osmotic agent for the precursor dialysate 

10 composition is sugar. The sugar is preferably selected from glucose (e.g., dextrose), 
poly(glucose) (i.e., a polymer made from repeating glucose residues, e.g., icodextrin, 
made from repeating dextrose units), or fructose. While it is possible to make a 
dialysate precursor with no sugar, if sugar is to be added to the dialysate composition, it 
is generally dextrose. It is further appreciated that any biocompatible, non-sugar 

15 osmotic agent that functions as an equivalent could be a viable substitute. The sugar is 
typically present in the dialysate composition at a concentration of less than about 60 
g/L. 

A patient's blood serum contains several components including, for 
example, proteins, carbohydrates, nucleic acids, and various ions. Typically, a dialysate 

20 composition prescribed by a physician is chosen to reduce, increase, or normalize the 
concentration of a particular component in the serum. Any of these components may be 
added to a high citrate dialysate of the present invention. 

As used herein, "mEq/L" refers to the concentration of a particular 
dialysate component (solute) present in proportion to the amount of water present. 

25 More specifically, mEq/L refers to the number of milli-equivalents of solute per liter of 
water. Milli-equivalents per liter are calculated by multiplying the moles per liter of 
solute by the number of charged species (groups) per molecule of solute, which is then 
multiplied by a factor of 1,000. As an example, when 10 grams of citric acid are added 
to a liter of water, the citric acid is present at a concentration of 10 g/L. Anhydrous 

30 citric acid has a molecular weight of 192.12 g/mol; therefore, the number of moles per 
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liter of citric acid, and consequently citrate anion (since there is one mole of citrate 
anion per mole of citric acid), is 10 g/L divided by 192.12 g/mol, which is 0.05 mol/L. 
Citrate anion has three negatively charged species in the form of carboxylate groups. 
Accordingly, the citrate concentration of 0.05 mol/L is multiplied by three and then by 
5 1,000, in order to provide a concentration of citrate in terms of mEq/L, which in the 
present example is 156 mEq/L of citrate anion. 

A preferred water of the invention is water that has been treated in order 
that it is essentially pyrogen-free and at least meets the purity requirements established 
by the Association for the Advancement of Medical Instrumentation (AAMI) for 

10 dialysate compositions. The water may also be referred to as treated water or AAMI- 
quality water. A monograph describing water treatment for dialysate, monitoring of 
water treatment systems, and regulation of water treatment systems is available from 
AAMI (Standards Collection, Volume 3, Dialysis, Section 3.2 Water Quality for 
Dialysis, 3 ed., 1998, AAMI, 3330 Washington Boulevard, Arlington, VA 22201) or 

15 through the Internet at http://www.aami.com. In addition, all of the other components 
of the precursor dialysate composition of the present invention are preferably at least 
United States Pharmacopeia (USP)-grade purity, which is generally a purity of about 
95%. 

The benefits attendant to the use of citrate in dialysate flow, in part, from 
20 the anti-coagulation properties of citrate. The present dialysate compositions 
emphasize, and take advantage of, localized anti-coagulant properties of citrate, to 
achieve benefits including: increasing the blood flow through the dialyzer, thereby 
increasing the dose of dialysis; keeping the dialyzer cleaner, thereby allowing more 
extended reuse of the dialyzer; mitigating the clogging of dialyzer pores, thereby 
25 allowing greater clearance of 'middle molecules' e.g., molecules having a molecular 
weight of about 12,000 Daltons; providing a significant source of additional bicarbonate 
to the blood, thereby reducing the incidence of chronic acidosis; and reducing or 
eliminating the need for the anti -coagulant Heparin. 

In addition to the benefits arising from maximizing, and taking 
30 advantage of the anti-coagulant properties of citrate, other potential and realized 
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benefits of using higher levels of citrate in dialysate include increasing patient 
metabolism and achieving better management of calcium and magnesium levels. 
Currently, products such as calcium or magnesium salts, e.g., calcium acetate, are 
administered to patients in order to bind or sequester phosphate, and thereby lower the 
5 phosphate level in the patient's blood. However, these phosphate-binding agents 
concomitantly increase the calcium and/or magnesium concentration in blood, and in 
some instances this is undesirable. Because citrate will bind or sequester ionized 
calcium and/or magnesium, the high citrate dialysate of the present invention may be 
used in conjunction with phosphate binding agents, in order to achieve better 

10 management of phosphate levels along with calcium and magnesium levels. 

The indications for use of a new higher-citrate dialysate would include 
patients: with a risk of bleeding from the use of systemic anti-coagulation (Heparin); 
with an antibody to (intolerance to) Heparin; who only achieve limited dialyzer reuse 
due to extensive clotting within the dialyzer during dialysis; have chronic acidosis; 

1 5 and/or usually achieve less than a desirable 'Dose of Dialysis. ' 

The effects of the citric acid-containing dialysate of the present 
invention, and methods of using a citric acid-containing dialysate according to the 
present invention, are shown in the following studies. As described herein, the anti- 
coagulation properties of citrate can be used to give patients a better dialysis treatment 

20 and decrease the cost of the treatment. 

To summarize the studies, a dry dialysate concentrate acidified with 
citric acid (citrate dialysate) was used in two separate clinical studies with hemodialysis 
patients. The first study compared a single treatment using this dialysate with one 
dialysis using regular standard dialysate acidified with acetic acid (acetic acid dialysate) 

25 in a prospective, randomized, Crossover study of 74 dialyses. Changes in the blood 
levels of electrolytes and other blood constituents during dialysis were calculated by 
subtracting post-dialysis from pre-dialysis blood concentrations. Compared to acetic 
acid dialysate, citrate dialysate was associated with significantly greater decreases in 
total and ionized calcium, magnesium and chloride. Citrate dialysate was also 

30 associated with larger increases in serum sodium, and citrate concentrations, although 
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their post-dialysis concentrations remained within or just outside normal ranges. 
Changes in other blood constituents were similar with both dialysates. 

The second study used citrate dialysate exclusively for all dialyses over a 
twelve-week period in twenty-two patients (the study actually began with twenty-five 
5 patients, but three were dropped for various reasons unrelated to the dialysis). Pre- 
dialysis blood samples were taken at the start of the study and at four-week intervals 
thereafter, and post-dialysis blood samples were obtained after the first and last dialysis. 
Repeated measure analysis showed that although pre-dialysis blood concentrations of 
magnesium, potassium and citrate remained within the normal range, there was a 

10 significant declining trend over the course of the study. At the same time, pre-dialysis 
serum bicarbonate levels increased, and significantly more of the patients had a pre- 
dialysis bicarbonate concentration within the normal range at the end of the study than 
at the start (15 vs. 8, p=0.001 Chi-square). 

In nineteen patients (excluding three patients for whom the type of 

15 dialyzer was changed during the study) the dose of dialysis for the first and last dialysis 
was calculated by the urea reduction ratio (URR) and Kt/V. There was a significant 
increase in both measurements, without any changes in dialysis time, blood and 
dialysate flows, or dialyzer used. The URR increased from 68±5.9% to 73+5.3% 
(p<0.03) and the Kt/V from 1.23+0.19 to 1.34±0.20 (p=0.01) from the first to last 

20 dialysis respectively. In conclusion, the citric acid dialysate was well tolerated and 
intra-dialytic changes in blood chemistries were similar to those seen with regular 
dialysate. Using dialysate containing citric instead of acetic acid increased the 
delivered dialysis dose. 

These studies are described in more detail below. 

25 Patients and Methods 

Two clinical studies compared dialysis using citrate-containing dialysate 
vs. using standard acetate-containing dialysate. The first, a Crossover study, compared 
changes in blood chemistry after one dialysis with each of the two dialysate 
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concentrates. A second study involved Exclusive Use of the citrate dialysate for twelve 
weeks. 

An Institutional Review Board approved both studies, and informed 
consent was obtained from all patients prior to participation. The citrate acid A 
5 concentrate was prepared from a dry chemical blend (DRYalysate™, Advanced Renal 
Technologies, Seattle, Washington) by mixing it with treated water (AAMI quality) to 
yield a "citrate concentrate", which contained citrate at a concentration 45 times greater 
than that which was intended to be used for hemodialysis. The citrate concentrate 
solution was delivered through the A concentrate input line of Fresenius Model D, E 

10 and H and Cobe Centry 3 machines. The B concentrate was prepared from a dry 
powder, Naturalyte™ (National Medical Care, Rockleigh, NJ), according to the 
standard practice at the dialysis units where the studies were done. The acetate A 
concentrate used was the commercial concentrate, Naturalyte™ 4000 Series Acid 
Concentrate for Bicarbonate Dialysis (National Medical Care). For both the Crossover 

15 and Exclusive Use studies, only the A concentrate was changed, while the B 
concentrate was the same in both, yielding a final dialysate concentration of 37 mEq/1 
in all cases. 

All blood samples for both studies were analyzed at one laboratory. 
Serum electrolytes, ionized calcium, urea nitrogen, creatinine, albumin and total 

20 protein, were measured in all samples. In addition, serum citrate was measured in 
thirteen sets of Crossover studies, in hourly samples during seven pairs of dialyses in 
the Crossover sub- study, and in all Exclusive Use study samples. 

Crossover study: The Crossover study was designed to compare single 
treatment changes in blood chemistry; one treatment using citrate dialysate and the 

25 other using regular acetic acid dialysate. The second and third dialyses of the same 
week were selected for the study. One dialysis was randomly assigned to the citrate 
concentrate and the other to the patient's regular acetic acid concentrate; the B 
concentrate used was the same for both dialyses. Changes in blood chemistry using 
citrate dialysate were compared with those using acetic acid dialysate by measuring pre- 

30 and post-dialysis blood concentrations with both dialyses. The composition of the 
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dialysates obtained from the two concentrates is shown in Table 1. For seven patients, 
in addition to pre- and post-dialysis blood sampling, hourly intradialytic and one-hour 
post-dialysis blood samples were obtained. 

TABLE 1 

5 Chemical composition of the two dialysates, citrate and acetic acid 

(regular) compared in the Crossover study. 





Citrate Dialysate | Regular Dialysate 




(in mEq/L except for Dextrose) 


Sodium 


137.3 (1) 


137 


Chloride 


103.25 to 106.75 


103.25 to 106.75 


Calcium 


2.5 or 3.0 


2.5 or 3.0 


Magnesium 


0.75 


0.75 


Potassium 


0to3 


0to3 


Dextrose 


2 g/1 


2 g/1 


Bicarbonate 


37 


37 


Acetate 


0.3 (3) 


4(2) 


Citrate 


2.4(4) 


None 



(1) Includes 0.3 mEq/L from sodium acetate. 

(2) From acetic acid. 

10 (3) From sodium acetate. 

(4) From citric acid. 

In the Crossover study, only patients on highflux dialysis using F-60 or 
F-80 dialyzers (Fresenius Medical Care North America, Lexington, MA) were included. 

15 Patients with a serum calcium level of less than 9.0 mg/dl or with severe cardiac disease 
were excluded. A total of 37 sets (74 dialyses) of Crossover studies were performed in 
34 patients, with average age of 53.8 ± 15.3 years, of whom nineteen were males and 
fifteen females. Three patients participated more than once, with a minimum interval 
between sets of at least two weeks. All treatment variables, including duration, blood 

20 and dialysate flows, and dialyzer model were the same for the two dialyses in each set. 
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Exclusive Use study: After the Crossover study was completed, a 
second, twelve-week study was conducted using, the citrate A concentrate exclusively 
for 36 consecutive dialysis sessions. Twenty-five patients were enrolled, twenty-two of 
whom completed the twelve-week study. Three patients dropped out: one was 
5 transplanted, one had an extended hospitalization for unrelated reasons, and one moved 
out of the area. 

The average age of the patients was 55.5±13.1 years, there were thirteen 
males and nine females. Their average time on dialysis was 7.3 ± 4.7 years. Causes of 
renal failure included diabetes mellitus in four, glomerulonephritis in seven, 

1 0 hypertension in three, and other diseases in eight patients. 

Sixteen patients used Fresenius F-80, one Fresenius F-60, two Gambro 
ALWL20, two Fresenius F-8, and one Baxter CAHP210 dialyzers. With three 
exceptions, individual patients used the same model dialyzer throughout the study. Pre- 
dialysis blood samples were obtained at the first dialysis, at four-week intervals, and at 

15 the last dialysis. Post-dialysis blood samples were also obtained after the first and last 
dialysis. Serum electrolytes, ionized calcium, creatinine, urea, proteins and citrate were 
measured, and pre- and post-dialysis urea and weight changes were used to calculate 
Kt/V using the Daugirdas 11 formula (Daugirdas, J. Am. Soc. Nephrol. 4: 1205-1213 
(1993)). 

20 Results 

Crossover study: All the dialyses with citrate dialysate were 
uneventful, and no unusual events occurred. Results of the blood analyses are shown in 
Table 2. 
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TABLE 2 

Crossover study average pre- and post-dialysis blood concentrations and 
changes (a= post-dialysis minus pre-dialysis concentration) with each 
dialysate. the delta values are compared by student's t test. 



5 



Blood Test, 
Units: Ref. Range 


Regular Dialysate 


Citrate Dialysate 




Pre 


Post 


A 


Pre 


Post 


A 


Ionized Calcium, 
mmol/L: 1.17-1.32 


±0.10 


±0.11 


±0.14 


±0.11 


±0.11 


±0.14 


<0.01 


Magnesium, 
mEq/L: 1.50-1.95 


±0.25 


±0.11 


±0.18 


±0.24 


±0.11 


±0.20 


<0.01 


Sodium, 

mEq/L: 136 - 145 


±3.65 


±2.94 


±4.16 


±3.73 


±3.68 


±4.02 


0.01 


Chloride, 
MEq/L: 95-110 


±5.80 


±3.43 


±5.51 


±4.55 


±5.18 


±5.21 


0.01 


Total Calcium, 
mg/dl: 8.4-10.3 


9 84 
±0.87 


±0.75 


±0.75 


+0.86 


+0.82 


+0.92 


<0.01 


Protein, 
g/dl: 6.0 - 8.2 


7 12 
±0.52 


+0.84 


±0.66 


+0.54 


±0.80 


±0.57 


0.02 


Serum Citrate, 
mg/dl: 1.7 - 3.0 


2.21 
±0.91 


+0.65 


±0.43 


±0.86 


3 20 
±0.92 


±0.63 


0.01 


















Hematocrit, 

o/, inn Sin 


34.87 
±4.60 


36.18 
±4.77 


+1.30 
±2.68 


35.40 
±4.97 


36.08 
±5.18 


+0.68 
±2.67 


0.06 


Potassium, 
mEq/L: 3.5-5.5 


5.11 
±0.95 


3.36 
±0.76 


-1.66 
±0.97 


5.29 
±0.74 


3.45 
±0.76 


-1.79 
±0.91 


0.09 


Carbon Dioxide, 
mEq/L: 23-31 


22.25 
±7.23 


26.08 
±3.55 


+3.83 
±6.34 


21.41 
±4.25 


26.62 
±3.14 


+5.22 
±3.66 


0.07 


Creatinine, 
mg/dl: 0.7 -1.5 


8.75 
±1.64 


3.12 
±0.68 


-5.63 
±1.17 


8.65 
±1.65 


3.09 
±0.71 


-5.55 
±1.20 


0.38 


Phosphorus, 
mg/dl: 2.5 - 4.7 


5.46 
±1.40 


2.22 
±0.56 


-3.24 
±1.16 


5.34 
±1.60 


2.21 
±1.28 


-3.13 
±1.71 


0.30 


BUN, 

mg/dl: 4 - 22 


50.94 
±12.7 


14.28 
±4.6 


-36.67 
±9.8 


50.51 
+13.0 


14.43 
±5.1 


-36.08 
±10.0 


0.37 


Albumin, 
g/dl: 3.3 - 5.0 


3.58 
±0.30 


3.64 
±0.43 


+0.06 
±0.32 


3.64 
±0.35 


3.64 
±0.46 


0.00 
±0.34 


0.21 


AST (GOT), 
U/L: 0 - 50 


12.34 
±6.88 


+17.66 
±8.27 


+5.31 
+3.58 


13.06 
±7.28 


18.15 
±8.43 


+5.09 
±3.17 


0.29 


Alkaline 
Phosphatase, 
U/L: 30- 130 


106.3 
±99.6 


113.8 
±98.1 


+7.5 
±9.7 


108.4 
±89.2 


113.2 
±95.8 


+4.76 
±12.5 


0.14 
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Changes in the concentration of various constituents were calculated by 
subtracting the post-dialysis concentration from the pre-dialysis concentration. The 
changes with citrate dialysate were compared to those with acetic acid dialysate. Of 
sixteen serum constituents measured, the intra-dialytic changes in seven differed 
5 significantly with citric acid dialysate compared to acetic acid dialysate. Post-dialysis 
average concentration of ionized calcium was subnormal, and that of citrate was above 
normal when using citrate dialysate; post-dialysis magnesium and chloride 
concentrations were subnormal with both dialysates; and post-dialysis total calcium, 
sodium, and protein levels were in the normal ranges with both dialysates. Figure 1 

10 shows the intradialytic and one-hour post-dialysis concentrations of ionized calcium 
and citrate in fourteen paired treatments with citrate and acetic acid dialysates, both had 
normalized by one hour after dialysis with citrate dialysate. 

Exclusive Use study: No adverse events occurred during twelve weeks 
of dialysis using only the citrate dialysate. Any trend in pre-dialysis blood chemistry 

15 was looked for, and comparing the delivered dose for the first and the last dialyses of 
the study. Pre-dialysis blood concentrations of all the measured constituents were 
compared by repeated measured analysis. This analysis fitted growth curve models for 
the repeated measures, thus enabling an examination of-the time trends in response 
variables while adjusting and estimating the correlation of measures from the same 

20 patient. A common correlation coefficient for each variable was also obtained. This 
analysis revealed that changes in the concentrations of five variables were significant 
over the course of the study (Tables 3 and 4). 
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TABLE 3 

Pre-dialysis blood concentrations at four-week intervals throughout the 

TWELVE- WEEK STUDY OF EXCLUSIVE USE STUDY WITH CITRATE DIALYSATE. 

Values are average + S.D. 



Twelve- Week Exclusive Use Study Average Pre-Dialysis Values 



Blood Test, 


Start 


Week 4 


Week 8 


End 


units: Ref. Range 










Magnesium, * 


1.88 


1.67 


1.68 


1.63 


mEq/L: 1.50-1.95 


±0.27 


±0.22 


±0.24 


±0.24 


Potassium * 


5.29 


4.64 


4.79 


4.85 


mEq/L: 3.5 - 5.5 


±0.74 


±0.70 


±0.76 


±0.70 


Carbon Dioxide, * 


21.55 


22.73 


22.86 


23.50 


mEq/L: 23-31 


+3.20 


±3.91 


±3.14 


±3.42 


AST (GOT) * 


10.55 


12.14 


14.14 


14.64 


U/L 0 - 50 


±5.93 


+6.48 


±7.96 


±6.51 


Serum Citrate, * 


2.08 


1.82 


1.88 


1.60 


mg/dl: 1.7 - 3.0 


±0.60 


±0.80 


±0.70 


±0.55 












Hematocrit 


34.31 


35.19 


35.37 


34.79 


%: 39.0 - 51.0 


±3.79 


±3.72 


±3.74 


±4.46 


Ionized Calcium, 


1.24 


1.21 


1.23 


1.23 


Mmol/L: 1.17 - 1.32 


±0.16 


±0.16 


±0.13 


0.11 




136.4 


136.9 


136.9 


137.7 


Meq/L: 'l36 - 145 


+4.55 


+3 64 


+4 29 


+4.05 


Chloride 


94.64 


95.32 


95.32 


95.45 


Meq/L: 95-110 


±4.29 


±4.62 


±4.30 


±4.43 


Creatinine, 


9.95 


9.19 


9.53 


9.50 


mg/dl: 8.4-10.3 


±2.11 


±1.71 


±1.65 


±1.99 


Total Calcium, 


9.83 


9.48 


9.69 


9.67 


mg/dl: 0.7 -1.5 


±1.17 


±1.06 


±0.91 


±0.83 


Phosphorus, 


6.30 


6.36 


6.34 


5.78 


mg/dl: 2.5 - 4.7 


±1.79 


±2.12 


±1.74 


±1.57 


BUN, 


64.23 


55.27 


57.45 


56.36 


mg/dl: 4 - 22 


±20.99 


±16.47 


±16.79 


±17.32 


Protein, 


6.93 


6.97 


6.96 


6.98 


g/dl: 6.0 - 8.2 


±0.59 


±0.56 


±0.61 


±0.48 


Albumin, 


3.49 


3.54 


3.54 


3.47 


g/dl: 3.3 - 5.0 


±0.35 


±0.37 


±0.29 


±0.35 


Alkaline Phosphatase, 


81.32 


80.59 


79.59 


81.50 


U/L: 30-130 


±28.63 


±34.49 


±34.36 


±36.02 



indicates a blood value with a significant change (p<0.05) during the twelve-week 



study using repeated analysis, see Table 4. 
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TABLE 4 

The repeated measure values for the five variables that exhibited significant 
changes over the twelve-week exclusive use study. 



Twelve- Week Study Results 
Summary Results for Linear Growth Curve Models 




INTERCEPT 


SLOPE 


CORRELATION 




Est. 


95% CI 


Est. 


95% CI 


p-value 


Est. 


95% CI 


Magnesium 


1.69 


(1.59, 
1.80) 


-0.015 


(-0.020, 
-0.0089) 


<0.001 


0.82 


(+0.68, 
+0.97) 


Potassium 


5.11 


(4.79, 
5.44) 


-0.029 


(-0.051, 
-0.006) 


0.014 


0.59 


(+0.38, 
+0.79) 


Bicarbonate 


21.67 


(20.27, 
23.07) 


+.015 


(+0.039, 
+0.27) 


0.009 


0.49 


(+0.27, 
+0.71) 


AST (GOT) 


10.42 


(7.90, 
12.93) 


+0.35 


(+0.19, 
+0.51) 


<0.001 


0.70 


(+0.54, 
+0.86) 


Serum Citrate 


2.06 


(1.84, 
2.29) 


+0.034 


(-0.064, 
-0.0039) 


0.03 


-0.14 


(-0.25, 
-0.023) 



5 



In Table 4, to provide a formal analysis and summarization of the 
twelve- week study, information on the growth curve models was fitted for repeated 
measures to the data. See, Jennrich and Schluchter, M.D., Biometrics 42: 805-820 
(1986); and SAS Institute, SAS/STAT Software Changes and Enhancements Through 

10 Release 6.11, Cary: SAS Institute, Inc. (1996). This enabled an examination of the 
time trends in the response variables while adjusting and estimating the correlations of 
the repeated measures from the same patient. For each response variable, a linear 
growth curve model was fitted with a heterogeneous compound-symmetry covariance 
structure. Such a model characterizes the mean and covariance structures of the 

15 repeated measures in terms of an overall linear trend and a common correlation 
coefficient. This analysis was performed using the PROC MIXED Procedure in SAS 
(SAS Institute, SAS/STAT Software Changes and Enhancements Through Release 6.11, 
Cary: SAS Institute, Inc. (1996). 
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In this study, and as shown in Tables 3 and 4, the concentrations of the 
other eleven constituents measured, including total and ionized calcium and sodium, 
remained stable and unchanged. The decrease in potassium and increase in AST (GOT) 
levels were minor, and remained well within the normal ranges. The most notable 
5 changes encountered were decreases in both serum magnesium and citrate, along with 
increase in bicarbonate concentrations. Pre-dialysis average bicarbonate concentration 
improved from a subnormal level at the start to a normal level at the end of the study 
(p<0.01). At the start of the study, fourteen of twenty two patients had a pre-dialysis 
bicarbonate concentration of less than 23 mEq/1 (lower limit of normal); at the end of 

10 study bicarbonate level had normalized in all but seven patients (p<0.001, chi-square). 

Dose of Dialysis: Every attempt was made to keep the dialysis treatment 
variables constant, but in three patients the dialyzer type was changed during the study. 
Data from these three patients were excluded, and the URR and Kt/V values for the 
remaining nineteen patients are shown in Figures 2 and 3. The delivered dose of 

15 dialysis was significantly higher for the last dialysis compared to the first dialysis of the 
study. Analysis of dialysis variables showed that blood flow, dialysis time and number 
of reuses for the processed dialyzers for these two treatments were comparable (Table 
5), dialyzer type remained unchanged for each patient, and dialysate flow was constant 
at 500 ml/min. 
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TABLE 5 

Dialysis treatment variables for the first and last treatment 
of the twelve-week exclusive use study. 
Values are mean + S.D. 



5 





Start of Study 


End of Study 


Urea Reduction Ratio 


68% ±5.9% 


73% ±5.3% 


Kt/V 


1.23 ±0.19 


1.34 ±0.20 


Blood Flow (ml/min) 


368 ± 47.7 


375 ±41.2 


Dialysis Time (hrs) 


3.9 ±0.39 


3.9 ±0.48 


Dialyzer Reuses, number 


8.55 ±11.6 


10.9 ±9.9 



Discussion 

The new dialysate containing citric acid was well tolerated, and no 
untoward effects were seen during either study. The amount of citrate derived from 
citric acid was 2.4 mEq/1, which is lower than the 4 mEq/1 of acetate typically derived 

10 from acetic acid with current dialysate. The blood citrate level was slightly above the 
upper limit of normal during and immediately after dialysis, falling to within the normal 
range by one hour after dialysis. This suggests the citric acid load from the dialysate 
was easily metabolized. During the course of the twelve-week study the pre-dialysis 
citrate concentration did not increase, showing that there was no accumulation of citrate 

1 5 over time. In fact, the trend was a statistically significant decrease in pre-dialysis citrate 
concentration during the study. 

The significant pre- to post-dialysis decline in total and ionized calcium 
levels during citrate dialysis (Table 2) presumably is due to binding with citrate, a well- 
known effect. This decline was more pronounced in patients using dialysate containing 

20 2.5 mEq/1 of calcium compared with those on a 3.0 mEq/1 calcium bath. However, 
recovery of the calcium levels by one hour post-dialysis in the Crossover study and by 
the next dialysis in the Exclusive Use study shows that calcium repletion from body 
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stores and/or from the dissociation of calcium citrate complex is sufficient to maintain 
the serum calcium level within the normal range. 

The magnesium concentration in the dialysate of 0.75 mEq/1 resulted in 
a significant decline in post-dialysis serum magnesium levels with both dialysates. This 
5 decline was more pronounced with citrate dialysate, and throughout the twelve-week 
study the pre-dialysis magnesium level stayed low. Magnesium has a strong affinity for 
citrate and easily complexes with it (Janssen et al., Blood Purif. 72:308-316 (1994)). 
The lower dialysate magnesium should have favored removal of the complexed 
molecule during dialysis, producing the decline in the serum magnesium. Use of a 

10 higher level of magnesium in the dialysate (>0.75 mEq/1) should prevent any undesired 
decrease in magnesium. Alternatively, this effect could be helpful by reducing 
magnesium accumulation if magnesium-containing phosphate binders are used. 

The trend of an increase in pre-dialysis serum bicarbonate levels 
observed in this study is encouraging. Persistent metabolic acidosis in dialysis patients 

15 has been associated with increased protein catabolism (Reaich et al., Am. J. Physiol 
2<5J:E230-E235 (1993), increased turnover of beta 2 microglobulin (Sonikian et al., J. 
Am. Soc. Nephrol. 7:350-356 (1996), bone metabolism problems (Lin et al., ASAIO J. 
40:M44O-M444 (1994) and abnormal muscle functions (Guest et al., J. Am. Soc. 
Nephrol. 5:236A (1997) (Abstract). Correction of metabolic acidosis has been 

20 attempted either by increasing dialysate bicarbonate concentration (Ahmad et al., Trans. 
Am. Soc. Artif. Intern. Organs 26:318-321 (1980) or by prescribing oral bicarbonate 
(Brady and Hasbargen, Am. J. Kid. Dis. 37:35-40 (1998), but both approaches have 
associated practical and clinical problems. Citrate is metabolized in liver and muscle to 
produce bicarbonate, and patients getting massive blood transfusions are known to 

25 develop alkalosis as a result of the increased citrate load (Dzik and Kirkley, Trans. 
Med. Rev. 2:76-94 (1988). Thus, citrate metabolism alone may explain the increase in 
serum bicarbonate level. However, increased intradialytic bicarbonate transfer from the 
dialysate to the blood might also be a factor as the result of a possible effect of citric 
acid on the dialyzer membrane (see below). The improvement in bicarbonate during 
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the Exclusive Use study may have been a result of citrate metabolism, increased influx 
of bicarbonate during dialysis, or a combination of these two effects. 

The significant increase in delivered dose of dialysis seen at the end of 
the twelve-week study was not a result of any increase in blood or dialysate flows, 
5 dialysis time, or change in dialyzers — known factors influencing the dose. It is possible 
that the increased removal of urea (increased dose) may be attributable to the presence 
of citrate in the dialysate. We postulate that by binding, with calcium, dialysate citrate 
provides a local anticoagulant effect at the dialyzer membrane level. This effect may 
help to preserve membrane permeability and keep the capillary fibers patent. This 

10 could explain the observed increase in transfer of solutes such as urea and bicarbonate 
between dialysate and blood. The study was not designed to address this issue and so 
there is no conclusive evidence to support this hypothesis. However, if confirmed by 
further study, this effect of citrate on improving dialysis efficiency could benefit by 
making dialysis more efficient. 

15 In conclusion, these results show that a citrate dialysate is safe and can 

be used without associated technical or clinical problems. No modification of the 
dialysis machine is needed, and a citric acid concentrate can be substituted for the 
current acetic acid concentrate. These studies also demonstrate an increase in urea 
transfer with the citrate dialysate. If this dialysate can be shown to have similar effects 

20 on other molecules, then its use will increase dialyzer efficiency in the removal of 
uremic toxins. 

From the foregoing it will be appreciated that, although specific 
embodiments of the invention have been described herein for purposes of illustration, 
various modifications may be made without deviating from the spirit and scope of the 
25 invention. 
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Claims 

What is claimed is: 

1 . A dialysate composition comprising citrate at a concentration ranging 
from 2.4 to 20 mEq/L, calcium at a concentration ranging from 2.5 to 5 mEq/L, and 
magnesium at a concentration ranging from 1 to 2 mEq/L. 

2. The dialysate composition of claim 1, prepared by a process 
comprising dissolving 25-40 mEq of sodium bicarbonate per liter of water. 

3. The dialysate composition of claim 1, prepared by a process 
comprising dissolving 1 1 0-140 mEq of sodium chloride per liter of water. 

4. The dialysate composition of claim 1, prepared by a process of 
dissolving trisodium citrate in water. 

5. A method of performing dialysis, comprising selecting a patient 
suffering from chronic acidosis, and performing dialysis on the patient with a dialysate 
according to any one of claims 1-4. 

6. A method of performing dialysis, comprising selecting a post-operative 
patient suffering from acute kidney failure, and performing dialysis on the patient with a 
dialysate according to any one of claims 1-4. 

7. A method of performing dialysis, comprising selecting a patient that is 
heparin-free, and maintaining that patient in a heparin free state while performing dialysis on 
that patient with a dialysate according to any one of claims 1-4. 
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8. A method of increasing the re-use of dialyzers, comprising performing 
dialysis on a patient with a dialysate according to any one of claims 1-4. 

9. A method of increasing the dose of dialysis during a dialysis treatment, 
comprising performing dialysis with a dialysate according to any one of claims 1-4. 
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